INTRODUCTION
Numerous field studies have produced evidence of diel variations of chlorophyll a in the sea (see reviews of Forsbergh, 1969 and Sournia, 1974) . According to the periodicity exhibited by concentrations of chlorophyll a, different explanations have been advanced to account for the observations. Bleaching by light excess is often the cause of a decrease of chlorophll values during the day (Yentsch, Ryther, 1957; Ichimura, 1960; Glooschenko et al., 1972) . Diel variations may be due to simple changes of the chlorophyll cell content resulting from a rhythm in the chlorophyll synthesis and accumulation (Glooschenko et al., 1972; Riper et al., 1979; Owens et al., 1980) . They may represent net changes of the actual phytoplankton biomass, related with a periodicity of zooplankton feeding on phytoplankton, as suggested by Mc Allister (1963) and Wood and Corcoran (1966) . These different explanations have quite different ecological significance, and this may modify the interpretation of chlorophyll data collected at any time during descriptive cruises. In order to investigate the main causes of diel chlorophyll periodicity, field and shipboard experiments were performed with chlorophyll a in the Gulf of Guinea. It appeared that above all, a go,od qualitative and quantitative description of the pigment variations was necessary (Ichimura, 1960; Angot, Gérard, 1966; Forsbergh, 1969; Glooschenko et al., 1972) . In this respect one of the biggest problems encountered by investigators in the neritic or oceanic regions proceeds from sampling : how is it possible to obtain at regular intervals a number of samples representative of the time evolution of a single natural community of phytoplankton'? If sampling takes place in a fixed geographic position, the physical and chemical structure may obviously change with time, because water flows under this point. It is known, moreover, that the vertical distribution and concentration of chlorophyll are mainly influenced by hydrological structure, and specially by depth and gradient of the thermocline and nitracline (Venrick et al., 1978; Herbland, Voituriez, 1979; Cullen, Eppley, 1981) . To solve this problem, we have studied the chlorophyll variations in a relatively stable hydrological structure, so that the physical and chemical properties of the water in the euphotic layer changed very little during the study. In addition, our field measurements and experiments were repeated for thirteen successive days, which permitted the elimination of extraneous causes ,of change, such as variations in the environment properties, and allowed us to consider that the average variations of chlorophyll for one night-day cycle are those of a single phytoplanktonic community, considered as a whole.
METHODS
The (( Cap 7912 >) cruise of the RV Capricorne was in two parts : a thirteen-day study in a fixed position on the Equator in the Gulf of Guinea (Oo-4 OW) from 20 October to 1 November, 1979, and a transect at 4 "W from 5" N to 5" S (from 5 to 9 November, 1979). For physical and chemical descriptions of the area, see respectively Voituriez (1981) and Oudot (1982) . For chlorophyll a analysis, the same procedure was applied rigorously to all samples. The rosette sampler bottles coupled with the Bisset-Berman STDO probe system was used to sample on 8 fixed levels at 2 h O0 and 14 h O0 (U.T.) from 5 to 80 m depth, and on 10 fixed levels at 8 h O0 and 20 h 00, from O to 100 m. Each 180 ml sample was immediately filtered (depression about 10 mb) through a Whatman GF/C filter (0 25 mm), ground and extracted in 90 Yo acetone for at least 2 h in a refrigerator. Samples were then analyzed on a fluorometer Turner model 11 1 (Yentsch, Menzel, 1963) calibrated with pure chlorophyll a (Sigma) by spectrophotometric measurement. Precision is given by analysis of 12 replicates of a natural phytoplankton sample : cv = 4.8 Yo for m = 0.262 mg.m-3. Water for primary production was sampled before sunrise with a 30 1 Niskin PVC bottle at 8 levels. Nutrients (NO3, NOz, NH4, PO4) were immediately analyzed with a Technicon autoanalyzer (Strickland, Parsons, 1972) . Seawater for production measurements was filtered through a 200 pm mesh net and incubated in situ from sunrise to sunset (mean duration : 11 h) : -14 C-COz uptake in 300 ml bottles (SteemannNielsen, 1952) . Radio-activity was counted with a liquid scintillation counter;
-chlorophyll synthesis in 6 1 bottles also used for nitrate uptake measurement (4 samples by day). In each bottle, chlorophyll concentration is measured at the beginning and the end of daytime. The effect of 15N-NO3 enrichment (from 0.9 to 1.7 mgat 15N.m-3) on the chlorophyll synthesis was tested on different cultures of natural phytoplankton communities . For 5 and 9 h simulated iv situ incubations, chlorophyll concentration increased in all cases. Enrichment influenced on chlorophyll accumulation only when water was nitrate-depleted. During the cruise, 52 samples were incubated in situ for nitrate uptake and chlorophyll synthesis measurements. Only 8 contained less than 0.2 mgat-m-3 (NO,), and their effect on the average values used below was neglected. Light penetration in the water was measured every day at about 13 h O0 with a Lambda quantameter, and incident radiation was recorded from a Pyranometer Kipp and Zonen. For statistical analysis, the non parametric test of Wilcoxon, as described by Siegel (19561, was used .
RESULTS
During the 13-day study, the vertical profiles of chlorophyll always showed the same pattern, with a weak maximum located near 50 m depth, coupled with a weak vertical gradient of temperature and nitrate ( Fig. 1 and 2) . Physical, chemical and biological properties showed only little change from day to day, with, however, a surface layer cooler and richer in nitrate and chlorophyll from 23 to 30 October, probably due to the meandering of the equatorial currents system (Herbland, . Data showed no evidence of diel change in temperature, salinity, current or nutrients.
Chlorophyll maximum was always observed at 14 h O0 at every level from O to 80 m (Fig. 3) . This is in good ... 1 4 4 ..,," . . I I " ' . I _Y .
. (1961) , Lorenzen (1963) , and Wood and Corcoran (1966) in the Gulf of Guinea, but is in opposition to those of Yentsch and Scagel(1958) , El-Sayed and Mandelli (1965) , Glooschenko (1970) , Glooschenko et al.
(1 972).
There was no surface measurement at 14 h OO. However, from surface data at 8 h O0 and 20 h O0 and from the general pattern of the vertical profiles at 14 h 00, surface chlorophyll would appear to be also maximal at 14 h OO. Chlorophyll bleaching by light excess, suggested by several authors (Yentsch, Ryther, 1957; Shimada, 1958; Ichimura, 1960; Glooschenko et al., 1972) as the explanation of decreases of surface chlorophyll near midday, would be dominated here by other processes, such as chlorophyll synthesis or vertical mixing (Harris, 1973) . In a 30-day nearshore study, Angot and Gérard (1966) observed a chlorophyll maximum at the surface, occurring near midday on the average. Forsbergh Table 2 Changes of chloropf~~vll a concentration at 40 m between tneasuretnents in field at 6 h and at 10 h (U. T.). Changements de la teneur en chlorophylle a à 40 m entre les mesures dans le milieu à 6 h et à 10 h (T.U.). were also always lower than at 20 h OO. No significant variation of pheophytin concentration appeared. The pheophytin rates (pheo)/pheo + Chl) accordingly showed inverse and symmetric variations in comparison with those of chlorophyll (Fig. 3) .
To study the amplitude of variations we consider only arithmetic means estimated over 13 days (Table l) , which provide a good picture of the mean reality by eliminating analysis and sampling fluctuations and those due to variations of the environment, as noted by Platt (1972) . Figure 4 shows the diel evolution of the chlorophyll content of a (( mean )) natural community of phytoplankton. Amplitude of variations increased from surface to 35 m, and then decreased with depth. Chlorophyll concentration integrated over 80 m depth increased between 2 h O0 and 14 h O0 by 46,5 Yo on average (Fig. 4 b) . Amplitudes of variation are lower than those reviewed by Forsbergh (1969) . Our samples were collected at fixed times : consequently minimal
and maximal values could be slightly under -or over -estimated, according to the actual time of passage of the chlorophyll through minimum and maximum for each depth level. On the other hand a number of amplitudes cited by Forsbergh (1969) were obtained from only one 24 h cycle, and hence could have been overestimed if the phytoplankton assemblages were not in ecological balance : any increase or decrease of the population during the 24 h observation period leads to an overestimation of the mere diel variation range of chlorophyll. On the other hand, when study was carried over several successive days, the amplitude of variations is very consistent with our own results. Thus, calculation from surface data collected by Angot and (cv = 63 Yo) between 6 h O0 and 12 h O0 over 30 successive days (m = 0,5 mg.m-3 chlorophyll). Among the environmental factors which could influence the diel changes of chlorophyll, light and nitrate concentration are to be considered. Day-to-day variations of the incident radiation were very low during the 13-day study (average radiation = 2 350; minimum = 1 540; maximum = 2 860 J.cm-2.day-1). Le Bouteiller, 1982 b) ] increases of natural chlorophyll (analyzed by the same method) were measured for nine successive days by sampling at 40 m at 6 h and 10 h (Table 2) . Another similar result was obtained at the same position in January, 1980 (<( Cap 8001 )) cruise) with two successive profiles from O to 100 m (Table 3) . During the second part of the (< Cap 7912 )) cruise, the depth distribution of chlorophyll concentration along the transect at 4" W (Fig. 5 ) show fluctuations of the chlorophyll amounts which may be explained not only by differences in the hydrological structure and nitrate concentration, but also by the diel variations of the chlorophyll content itself : the lowest values are found when sampling occurred during the night, and the highest during the day.
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DISCUSSION
Among the various factors which regulate the chlorophyll amount measured at one given time and place, which are the most important? Any major methodological artefact may be excluded, since water was always sampled with the same system, analyzed with the same procedure, in the same time-limit, and, with certain exceptions, by the same operator. Any bias introduced by microscale distribution or random errors tend to be cancelled out by average or integration calculations. Variations of the hydrological structure, mixing, internal waves or oscillations of the Lomonosov equatorial under-current, might modify observations extending for only a few hours or a few days, but not over a period of 13 successive days, a fortiori when the physical and chemical structure is as steady as it was during the cruise (see Fig. 2 ). Phytoplankton vertical migrations (Halse, 1950; Smayda, 1970; Sournia, 1974) were not directly measured. The early increase of chlorophyll in the surface layer may be attributed to upward migrations of phytoplankton, and the late increase under 50 m to a sinking movement (Fig. 4 a) . However, the mean depth of chlorophyll maximum remains consistently at 50 m for all the 63 stations of chlorophyll measurement (Fig. 3 ) , so that active or passive vertical displacements, if thus exist, would be dominated by other processes, in contrast with the observations reported by Dandonneau (1977) in the Dome of Angola. Nor were cell number directly measured. We only know that cells were very little on average in the region concerned (Herbland, Le Bouteiller, 1981) . Sournia (1974) and Harris (1978) concluded that the cell division of natural population of phytoplankton is synchronized at least to some extent, and that the general trend of algae is to divide at night. In the absence of a cell count, we can only suppose from the observation of chlorophyll maximum near midday and minimum at night that the synthesis and accumulation of chlorophyll processes are not synchronized with cell division rhythm; if they were, chlorophyll cell content would show periodic changes. This was evidenced by Hunter and Laws (1981) 
from continuous cultures :
The fact that cell quotas of chlorophyll a tend to increase during the day and decrease at night is undoubtedly partly because cultures divide mainly in the dark. But Owens et al. (1980) , with an asynchroneous culture of S. costatum, showed that cellular chlorophyll a and c content is also strongly coupled with the light/dark cycle and in that case, this does not result from cell division. Grumbach et al. (1978) and Riper et al. (1979) reported that the turnover time of the chlorophyll a pool was very much shorter than the generation time of the phytoplankton. These observations suggest that planktonic algae are able to adapt their internal pool of chlorophyll very quickly to rapid changes of available light. Nevertheless, a clear indication of a dark loss of the chlorophyll cell content is rarely obtained from field measurements.
Natural populations incubated in the dark
10 duplicate samples were collected between O and 100 m at 8 h 00, and filtered through a 200 pm mesh net. Some were immediately analyzed for chlorophyll determination, and others after 6 h incubation in the dark (Tabíe 4). Chlorophyll decreased by 3 % on the average, but the difference is not statistically significant (Wilcoxon test).
Several other similar experiments performed on water sampled in the same region at different times of the day and incubated for 6 or 12 h, led to the same conclusion : chlorophyll concentration remained much the same in the sample when prefiltered and incubated for 6 or 12 h in the dark. If chlorophyll synthesis does proceed at night (Riper et al., 1979) , it does not seem to accumulate in the present conditions, which is in contrast with previous observations on exponentially growing populations (Yentsch, 1965; Eppley et al., 1971; Glooschenko et al., 1972) . Furthermore, chlorophyll was not destroyed in the dark by catabolism or grazing : zooplankton was removed by pre-filtration, and the herbivorous species smaller than 200 pm would be inhibited by the physiological stress due to sampling, screening or confinement in bottles, as observed by Venrick et al. (1977) . Different opposite processes may of course cancel each other, with the result that chlorophyll synthesis just equals degradation. In the absence of better knowledge on the structure of the phototrophic and heterotrophic communities enclosed in the bottles and their behaviour and interaction during incubation, we shall consider, as the most plausible hypothesis, that in samples pre-filtered and incubated in dark, chlorophyll synthesis -like grazing -is negligible. 
Fied populations during the night
Between 20 h O0 and 2 h 00, the sole period entirely in the dark, chlorophyll standing stock systematically declined at every sampling depth (Fig. 3 c) . Differences are very often highly significant (Table 1) . These decreases of chlorophyll at night may be compared with the above incubations in the dark, performed on the same populations of phytoplankton. If there is neither marked synthesis of chlorophyll in the dark nor degradation by catabolism, we may conclude that under field conditions, grazing by zooplankton would be the main cause of chlorophyll decrease by night.
j Natural populations incubated in situ during the day
In the 6 1 bottles incubated in situ from sunrise to sunset, chlorophyll concentration increased by 50-150 070 ( Table 5) . These samples were screened in the same manner as those incubated in the dark (see above). The only difference between these two sets of experiments was available light : in one case, light was available and an. abundant synthesis of chlorophyll occurred; in the other, there was neither light nor a marked net change of chlorophyll. In addition, accumulations of chlorophyll in samples incubated in situ during the day were much higher than those estimated in field at the same stations (see Fig. 4 and Table 1 : maximum increase between 8 h O0 and 14 h O0 : + 52 '7'0). This enhancement of the accumulation of chlorophyll in the prefiltered samples supports the above hypothesis : screening removes from bottles, or inhibits, a major part of the predators, as suggested by Sheldon et al. (1973) . On the contrary, in field, phytoplankton was continuously consumed by heterotrophs, and the chlorophyll variation range was consequently much lower than chlorophyll changes in bottles incubated in situ.
Thus, 1) if we consider that decreases.of chlorophyll assessed in field between 20 h O0 and 2 h O0 were mainly due to consumption by zooplankton, and are equivalent to a measure of grazing rate; 2) if we assume moreover that such a grazing rate represents . a fairly good value of the average grazing rate by day, we may then multiply by 4 the amounts of chlorophyll loss between 20 h O0 and 2 h O0 to obtain an estimate of the total loss by day, which is equivalent to the net primary production. This calculation, very approximate indeed, is however possible since the system was in quasi steady-state conditions : the average standing stock by day was almost constant throughout the 13 days of study (Fig. 1) . The values obtained in this manner are remarkably close to those provided by in situ incubations (Table 5) , even if so many are possible sources of discrepancy, such as grazing diel rhythm (Mc Allister, 1971; Boucher et al., 1975; Hayward, 1980; Boyd et al., 1980) . However, this similarity suggests that the production of chlorophyll in the pre-filtered samples during the day-time balanced losses by zooplankton predation over a 24 h period. Growth rates calculated for photoperiod from chlorophyll synthesis in the bottles are about 2.1-2.4 day-' for the layer 20-30 m, and 1 .O day-' at 50 m .
From the pattern outlined in Figures 1 and 4 , it is evident that chlorophyll concentration was closely coupled with light periodicity. Líght/dark period was near 12/12 h and sun culminated at 12 h 16 (U.T.) at the station position. Chlorophyll content in the euphotic layer was maximal near 14 h. The apparent increase rate of chlorophyll, represented on Figure 4 by the positive slope of each smooth curve, passed through a maxi: mum between 8 and 12 h. Photosynthetic capacity is also wellknown for its marked diel rhythm (Doty, Oguri, 1957) , showing a maximum either in mid-morning or in mid-afternoon (Malone, 1971) ; photosynthetic carbon fixation, on the other hand, parallels the circadian solar radiation.
Comparison of 14C uptake data with chlorophyll increase data (Table 5) shows that these processes are both of the expected order of magnitude. Hence, photosynthesis and chlorophyll accumulation would be two processes occurring mainly during daylight in the equatorial ecosystem. Smayda (1975) monitored the diel cycles dealing with phytoplankton in field : elementary composition and chlorophyll content, photosynthesis and nutrients uptake, chlorophyll synthesis, excretion, cell division, vertical migration. Carbohydrate and protein content also has a rhythm, increasing during the photophase and decreasing at night (Hitchcock, 1980) . The same is true for ATP (Hunter, Laws, 1981) . However, knowledge about the synchronism between all these diel periodicities is relatively poor. Schematically, photosynthesis, nutrients uptake, enzymatic activity, carbohydrate, protein, ATP and chlorophyll synthesis all seem to occur mainly between sunrise and sunset.
From these considerations, and from our data, it is sug-
gested that, for a phytoplankton population isolated from zooplankton predation :
-during the day, growth rate of standing stock and chlorophyll synthesis are high and pass through a maximum;
-if cells divide rather little, then cell size (Eppley, Coastworth, 1966; Staley, 1971) and cellular chlorophyll content increase in the day-time (as observed by JØrgensen, 1966; Riper et al., 1979; Owens et al., 1980; Hunter, Laws, 1981) ;
-inveqsely, by night, growth rate and chlorophyll synthesis are low, biomass varies little, and chlorophyll cell content probably declines because of cell divisions.
If the synthesis of chlorophyll and growth of standing stock are both periodical processes nearly in phase, then for a given light level in the euphotic zone, the (chlorophyll)/(biomass) ratio may be expected to vary very little during the day/night cycle. This implies that diel variations of the chlorophyll concentration in field reflect variations of the phytoplankton biomass.
CONCLUSIONS
Our observations provide clear evidence of systematic diel variations of chlorophyll. They support the hypothesis that these variations are representative of the time evolution of the phytoplankton biomass. Chlorophyll fluctuations would result from the cumulative effects of the chlorophyll synthesis in parallel with photosynthesis and a continuous consumption by herbivorous zooplankton. It is likely that such marked diel variations of chlorophyll occur only when environmental conditions are particularly stable, and when chlorophyll is relatively abundant. The tropical marine REFERENCES ecosystem allowed to meet these conditions : thermocline and nitracline depths were almost fixed, mixed layer was shallow, depth of euphotic zone and incident radiation were quasi constant. Under such conditions, equilibrium is established between the different compartments of the marine food chain, so that almost the entire day-time primary production is consumed by heterotrophs during a period of 24 h. The rhythm imposed by solar irradiance on photosynthesis has consequences not only for the rhythm of chlorophyll synthesis, but also for the changes of standing stock. Then, measurements in detail of the diel variations of chlorophyll may be used for estimating growth rate of a natural phytoplankton community in ecological balance. This method presents the major advantage of not introducing any methodological artefact (sampling, screening, bottle confinement, etc.) : it considers the time evolution of the natural phytoplankton assemblages in their own environment.
Our results suggest that :
-diel variations of chlorophyll a can be very important in the studied region, and deserve further investigation, especially during descriptive cruises with sampling at any time of the day;
-the equatorial Atlantic region is an highly dynamic ecosystem, with phytoplankton growth rate much higher than expected from the observed relatively low concentrations of chlorophyll.
